Abstract: Considerable attention has been given to flows passing over bluff bodies such as cylinders. This is due to their importance in applications such as heat exchanger, cooling towers and electronic circuit cooling. It has been proved that flow performance and heat transfer could be improved remarkably if the cylinders rotate and flow stabilizers/blockers are used to increase residence time and Nusselt number. This is due to the effect of the vortical structures in the wake region on the drag and heat transfer coefficients. Therefore, forced convection heat transfer across stationary and rotating horizontal cylinder dissipating uniform heat flux was investigated numerically and experimentally in this work. The maximum values of rotational and crossflow Reynolds numbers attained were 960 and 160, respectively. The non-dimensional rotational velocity (α) was varied from 0 to 6. Finite volume numerical simulations using ANSYS were performed. Average temperatures of the cylinder surface were measured by using a thermal camera and the flow profile was captured by High Speed Photography and LDV, offering new experimental results for correlation purposes. Results show that the maximum average heat transfer rate occurs at the same Reynolds number whilst the minimum value occurs at the higher rotational Reynolds number. At higher rotational Reynolds numbers the Nusselt number is nearly independent of Reynolds number and thermal boundary conditions. Comparison with previous numerical studies showed good agreement.
Introduction
Flow across a stationary circular cylinder has drawn the attention of researchers in fluid dynamics for decades. Cylinders are considered ideal samples of bluff bodies that can provide a better understanding of vortex shedding phenomena and vortex interaction in downstream flows. Numerous studies of flows passing stationary and rotating cylinders in quiescent mediums have been investigated by several authors [1] [2] [3] [4] [5] [6] . However, these studies have been only analytical approaches. Although this technique plays an important role in flow control, boundary layer control, reduction of heat transfer and lift enhancement, limited works have been done to correlate these analytical analyses. These fundamental could be eventually expended to include cooling of gas turbine rotors or electrical motor shafts, rotating condensers for seawater distillation, cooling of high-speed gas bearings, space vehicle technology, spinning projectiles, nuclear reactors, heat exchangers, drying of paper on rollers in the paper industry, electronic packaging, power electronic devices, rotating machineries, viscous pumps, rotating electrodes, etc. Thus, good understanding of the phenomena related to these flows could have considerable practical applications.
For flow passing a rotating cylinder, the results not only depend on Reynolds number, = ∞ ⁄ ; but also depend on the velocity at the cylinder surface normalized by the free-stream velocity, = 2 ∞ ⁄ . Numerous studies have investigated the effect of the cylinder's rotation. Ingham and Tang [7] numerically calculated the drag and lift coefficients of a flow between Re = 5 and 20 crossing a rotating cylinder with a rotational rate of 0 ≤ ≤ 3. Stojkovic et al. [8] reported the effect of high rotational rates of a circular cylinder on both lift and drag forces. Their study investigated the steady and unsteady flows at low Re between 0.01 ≤ ≤ 45 considering rotation rates of 0 ≤ ≤ 12 . It was proved that the rotation rate had a significant role in suppression of the development of vortex shedding. Costa and Raimundo [9] showed that the cylinder rotation significantly affects heat transfer as a result of thermo-physical properties. The study was carried out numerically using a cylinder centered inside a square enclosure with constant temperature at its vertical walls. Chuan and Chao [10] performed a numerical simulation to determine the influence of stationary and rotating cylinders on natural and mixed convections. The study was conducted on a circular cylinder centered in a square enclosure with aspect ratios (L/D) = 1.67, 2.5 and 5. Other parameters such as Pr = 0.07, 0.7 and 7, and Ra = 10 4 , 10 5 and 10 6 were also studied. Sachin and Atul [11] numerically examined the changes in flow and heat transfer characteristics with Re = 20 to 160 passing over a rotating cylinder of constant wall temperature (CWT). Rotation rates of ≤ 6 and an aspect ratio (L/D) = 100 were considered. Following their previous work in 2009, they examined the effect of new boundary condition of Uniform Heat Flux (UHF) on heat transfer from the cylinder surface [12] .
The objective of this work is to provide experimental results, which have not been provided until now, to correlate some of these findings and current CFD studies developed by our group. Flow and heat performance of a stationary and rotating circular cylinder placed in a forced convection laminar flow were studied with a great variety of techniques.
Experimental setup
In the present work, the governing parameters are: Re=80, 120 and 160, rotational rate α= 0,2,4,6. Streamline patterns, velocity, temperature distributions and Nusselt number describe the phenomena of vortex shedding under the effect of different rotational velocities and three different Reynolds numbers.
Experiments were performed in a wind tunnel with dimensions and layout as shown in Fig. 1 . A horizontal circular cylinder of diameter D=12 mm located inside the tunnel was used. A uniform flow was forced to pass over the cylinder by a suction fan fixed at the narrow end of the test rig. The velocity at the outlet of the rig was measured by hot wire anemometers. The continuity equation was involved in calculation of inlet velocities and Reynolds numbers.
A variable speed DC motor model MT63B14-2 was used to drive the cylinder. The range of rotating speed was between 0 and 3725 rpm in counterclockwise direction. An inverter that adjusts the supplied electric current and frequency was used to control the rotational speed. Heating of the cylinder was accomplished by inserting a cylindrical electrical heater of 10 mm diameter and 150 mm length. The heater was connected to the mains power supply through a slip ring. It was adjusted through a variac controller at 40 Volt and 200 mA. In order to prevent heat transfer from the cylinder ends, two disks of an insulated material were used.
Laser Doppler Velocimetry (LDV) was used with a 543-TSI-A01 system and a PDM 1000 model processor to examine 2-D velocity profiles. In all cases smoke was utilized as scattering particles, since the densities of the smoke and air were close enough that allow a good particles suspension. A 450500 model probe was calibrated at 45 o from the horizontal to reduce the dispersion of the laser beams by the bearing and the bearing house. It was mounted on a traverse mechanism. The measuring volume was located at 30 mm height from the cylinder. Ten measurement points were obtained for all cases spaced at 10mm between each other, Fig. 2 . The results were analyzed using the FlowSizer software. Flow turbulence was also characterized using the LDV data.
Infrared Thermography was also used. A H2630 camera equipped with 640 x 480 pixels infrared detectors was utilized. The camera was placed at a distance of 1000 mm from the target and the optical axis was perpendicular to the object of interest at a height of 600 mm from the ground for all cases. All the images have been processed utilizing the InfRec Analyzer NS9500 Lite software. It is important for the study of local Nu number to measure the temperature distribution in the boundary layer around the cylinder. Therefore, ten K-type thermocouples were installed in different positions above the cylinder, Fig. 3 , to measure the temperature of air close to the cylinder.
A Photron Fastcam High Speed Camera model APX RS of 250,000 frames/sec maximum speed velocity was also used. In order to avoid any resolution problem and to increase the visual field, the camera was setup at only 1000 frames/sec. The camera was positioned at 1500 mm from the cylinder. The images were analyzed using the PFV 531 software. Similarly to the LDV, smoke was also used to provide insights of the flow paths. 
Numerical Analysis

Governing equation and boundary conditions
The governing equations used in this study is based on pre-conditioned three-dimensional, steady and incompressible Navier-Stokes equations, which are expressed in the following form for continuity, momentum and energy:
Where all velocities and coordinates in the above equations are converted to the dimensionless form by the freestream velocity u∞ and the cylinder diameter D.
Boundary Conditions
In order to solve the governing equations (1) to (5), boundary conditions need to be set to define the study case. At the solid surface of the cylinder Dirichlet non-slip boundary conditions were applied. The cylinder was kept at constant and uniform heat flux. The flow is assumed to be incompressible with constant thermo-physical properties. At the inlet of the flow, the velocities were adjusted to cover Reynolds numbers of 80, 120 and 160. Slip boundary conditions were implemented for the square enclosure.
Numerical method
In the present work, a three-dimensional laminar version of finite volume method was used to solve the governing equations (1) to (5) . Flow simulation was performed using ANSYS Fluent code. A great deal of attention was given to the distributions and numbers of grid points in order to capture all the features of the flow separation and wake formation. A grid structure of a total number of control volumes of 34554 was found to be grid independent and efficient to achieve accurate solutions, convergence and numerical stability. In order to obtain an adequate examination of the flow feature around the cylinder and to improve the accuracy of the numerical results without loss of efficiency, local grid refinement near the cylinder wall was employed. The Simple Implicit Method (SIMPLE) was used in order to achieve mass conservation and to avoid pressure-velocity decoupling. For the purpose of convergence acceleration, a convergence criteria of 10 -6 was used for all residuals.
Results and discussion
CFD streamline patterns
Fluid flow patterns are shown near the cylinder in Fig. 4 at Re = 80, 120 and 160 with α =0 -6. The streamlines for a stationary cylinder (α=0) show a pair of stable vortices (top clockwise and bottom counterclockwise) in the wake region behind the cylinder at Re = 80 whose size increase with Re. As the cylinder starts rotating, the flow becomes asymmetric under the influence of cylinder counterclockwise rotation due to the interaction between the flow generated close to the cylinder and the free-stream flow, Fig. 4 . It was noted that the stagnation point shifts to the top of the cylinder. As the dimensionless speed of the cylinder increases, for a fixed Re, the region of close streamlines around the cylinder extends further away from the wall. Therefore, the stagnation point moves upwards from the cylinder. The rotation also results in the merging of the counterclockwise vortex with the rotation of the cylinder to form a vortex around the cylinder. The clockwise vortex separates from the back surface of the cylinder to form an enveloping and a detached vortices [12] , Fig. 5 at α=1 .
At α ≥ 3 under all Re the clockwise-detached vortex disappears by merging into the stream and only the enveloping vortex can be seen within the stream structure. At low rotational speed the flow pattern near the cylinder is strongly affected by viscous forces, whereas at high values of α the flow is dominated by inertial forces.
Experimentally the vortex shedding activity was visualized using a smoke generator, then captured using High Speed Photography. The smoke rotates under the influence of the cylinder counterclockwise rotation as the flow moves from the left to the right side. The smoke paths for a flow at Reynolds numbers of 80, 120 and 160 passing over the cylinder with a rotational speed α = 6 is shown in Fig. 6 .
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Velocity Distribution
For all cases the first three measurement points were located upstream the cylinder on X coordinates -0.03, -0.02 and -0.01. The fourth point was located where the center of the cylinder is positioned. Finally, the other six points (0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) were located downstream the cylinder.
The two velocity components are plotted separately for different Reynold and rotational rates. At α > 0, the results show fluctuations in velocity components before the cylinder and relatively steady state conditions after the cylinder. This seems to be caused by the rotation of the cylinder that suppresses the vortex shedding. When the cylinder rotates, a continuous layer of fluid attached to the cylinder surface rotates with the cylinder, consequently moving the stagnation point. This creates a turbulence zone before the cylinder and calm conditions downstream [15] [16] [17] . Furthermore, at α > 0 the Vx velocity decreases, Figs. 7-10, especially in the immediate region upstream the rotating cylinder. This is due to the movement of the stagnation point above the cylinder. The local velocity in the Y-direction also decreases in the region close to the cylinder for the same reason, but starts to increase in the region just behind the cylinder as a result of the rotation of the stream as a consequence of the cylinder counterclockwise rotation, Figs. 7-10. 
Turbulence intensity
Although the present work deals with low and intermediate Reynolds numbers, it is impossible to avoid turbulent. Turbulence intensity (T.I.) was calculates using the following equation:
Where:
u' = the Root-Mean-Square (RMS) (7)
N= total number of particles ui = velocity of particle
Park and Lee [13] calculated the turbulence intensity in their experimental work of flow crossing a finite stationary circular cylinder to detect the vortex formation length. They defined the end of the vortex formation region as the point that has a maximum velocity fluctuations. In the present work the turbulence intensity was calculated to examine the effect of cylinder rotation on vortex formation. The results were obtained using LDV.
Figs. 10 and 11 show values of T.I. under various conditions. It can be noted that some values have exceeded 100%, this is caused by the low average air speed passing over the cylinder and the large fluctuation presented at the relevant location. The results also show that the cylinder rotation reduces the fluctuation behind the cylinder. Due to the rotation of the cylinder the rotating flow intersects the upstream flow developing a zone of high turbulence before the cylinder, whilst the flow remains smoother after the cylinder. The streamlines in Badr et al. [14] and Ingham et al. [7] support the explanation, although their work dealt with lower rotational rates. Fig. 12 shows the temperature distributions for the rotating cylinder at α = 0, 2, 4 and 6 when Re = 80, 120 and 160. The temperature of the cylinder is identical between the different values of Reynolds numbers. Moreover, it can be noted that the variation in surface temperature increases as the rotational rate increases. The experimental results match well with the numerical outcomes. 
Temperature Distribution
Local Nusselt number
The measurements necessary for the heat transfer calculations were accomplished, including the electric power to the heater, q, the air temperature, t∞, the local temperature obtained from the thermocouples, tn, where n represent the thermocouples location, and the cylinder surface area. The Nusselt number for the uniform heat flux is expressed as: Nu=h D/k, with the heat transfer coefficient determined as: h=q/A (tn -t∞).
The variation of the average Nusselt number is plotted against different α and Re, Fig. 14 . In each case the same trend is observed, with the Nusselt number decreasing with an increase of the rotational rate. The figure also shows that the Nusselt increases with increasing Re at a constant α because of the increasing in inertia in the flow. However, at higher rotation rates, i.e. α=6, the Nusselt number is almost independent of Reynolds numbers. This is caused by the suppression in vortex shedding and in turn the change in flow structure. Therefore, the thermal resistance and Nu remain constant.
In order to provide a clear image to the variation of Nusselt number on the surface of cylinder with increase of the Re at various rotational rates, polar plots were developed. For the stationary cylinder, α = 0, Fig. 15 shows a Nusselt number increasing with Re, where NuL is time averaged for Re = 80, 120 and 160. The variation in the Nusselt number is symmetrical about  =180 for all Re. Moreover, the maximum NuL was recorded at =0 (front stagnation point) for all Re, whereas the minimum value was located at =180. For the rotating cylinder the maximum NuL does not occur at the front stagnation point but shifts in the direction of rotation. Further increase in rotation rates shows independence of Nu with respect to Re, especially at the highest rotation rate α=6. 
Validation of the Present Model
Extensive comparisons of the present work with other research was carried out, Table 1 . The experimental and numerical results of the average Nu number for stationary and rotating cylinder are in good agreement with the literature review. For stationary cylinders, the maximum discrepancies were in the range of 3.6-to 9.15%. For the rotating cylinder, the maximum difference between the present results and those of the literature was around 0.26-6.05%. Thus, this validates the present numerical solution procedure, providing confidence in the usage of the model for further applications. 
Conclusion
Flow passing over a circular cylinder, spinning in counter-clockwise, and placed in a uniform flow of Re = 80, 120 and 160 has been studied experimentally for various rotation rates α = 0, 2, 4 and 6. The diagnostic was achieved using flow visualization techniques that include High Speed Photography, Thermal Visualization and LDV techniques. It was found that at higher rotational rates turbulence decreases downstream the cylinder, with a high peak just upstream as a consequence of the clashing flows. Moreover, velocity peaks appear at higher Re and α, leading to vortical structures that act not only in the formation of zero velocity nodes, but also in the insulation of the rotating cylinder. For stationary cylinder, the average Nusselt number increases as Reynolds number increases. As the rotational speed increases, the average Nusselt number decreases. Results show that for specific Reynolds numbers the maximum average heat rate occurs at the same locations, whilst the minimum value occurs at the higher rotational Reynolds number. At higher rotational rates, the Nusselt number is nearly independent of Reynolds number and thermal boundary conditions. Comparison of the results with the previous studies has showed a good agreement between each other, corroborating the model for further studies. Further work could include studies of the effect of higher Reynolds Numbers, rough and dimpled cylinders
